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14.1  INTRODUCTION
This	chapter	presents	a	novel	interpolation	approach	that	combines	long-term	mean	
satellite	observations,	 station	data,	 and	 topographic	fields	 to	produce	grids	of	cli-
mate	 normals	 and	 trends.	 The	 approach	 was	 developed	 by	 the	 Climate	 Hazard	











tial	 uncertainty.	 In	many	of	 these	 studies,	 the	number	of	 recent	observations	 can	
be	 very	 low,	 potentially	 invalidating	 the	 results.	 This	 study	 presents	 analyses	 for	
the	Sahelian	and	eastern	African	rainfall	and	air	temperatures.	The	results	indicate	
significant	rainfall	declines	in	Sudan,	Ethiopia,	and	Kenya.	Every	country	exhibits	






variations	 is	much	more	 limited.	Decadal	fluctuations	 in	 temperature	and	rainfall	
can	 be	 associated	 with	 recurrent	 drought	 events,	 sapping	 the	 resilience	 of	 rural	
communities	and	helping	to	reinforce	a	spiral	of	increasing	poverty.	Although	such	
decadal	fluctuations	are	the	epitome	of	a	“slow-onset	disaster,”	they	are	difficult	to	
detect	 for	 three	 reasons:	 limited	 observation	 networks,	 low	 signal-to-noise	 ratios,	
and	confounding	societal	factors.









small	 compared	 to	 the	 size	 of	 interannual	 variations	 makes	 decadal	 monitoring	
even	harder.	The	 shifting	 composition	of	observing	networks	 further	 complicates	
the	problem,	especially	in	areas	of	mountainous	terrain.	A	lowland	station	may	be	
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the	 interpolation	 into	 two	 components—a	 long-term	 mean	 field	 and	 a	 seasonally	
varying	anomaly	field—the	results	are	more	accurate	and	less	prone	to	contamina-
tion	by	changes	in	the	spatial	distribution	of	weather	stations.

















identification	 can	play	 an	 important	 role	 in	 combating	 chronic	poverty,	malnutri-
tion,	and	hunger	in	developing	countries.	Historically,	most	food-	and	water-insecure	
populations	tend	to	live	along	the	boundaries	of	semiarid	regimes.	Shifts	 in	these	
boundaries	 can	 place	 new	 population	 groups	 at	 risks.	 Satellites	 directly	 observe	
geophysical	data	related	to	climate	gradients	and	thus	provide	a	valuable	guide	to	
mapping	trends	in	climate	gradients.	At	present,	the	standard	climate	products	used	






The	 FCLIM	 methodology	 described	 here	 provides	 accurate,	 unbiased	 gridded	
estimates	 of	 recent	 trends	 in	 precipitation	 and	 temperature	 for	 two	 critical	 grow-
ing	 seasons	 in	 the	 east	 African	 and	 Sahel	 regions	 of	 Africa	 (Figure	 14.1):	 the	
March–April–May–June	 (MAMJ)	 and	 the	 June–July–August–September	 (JJAS)	
seasons.	A	formal	geostatistical	framework,	incorporating	estimates	of	how	infor-
mation	propagates	in	space	(the	spatial	variogram,	which	expresses	spatial	covari-
ance	 as	 a	 measure	 of	 distance),	 allows	 us	 to	 determine	 standard	 error	 maps	 and	













This	 can	 obscure	 uncertainties	 associated	 with	 the	 gridding	 process.	 The	 FEWS	
NET	trend	analysis	(FTA)	circumvents	this	problem	through	an	explicit	analysis	of	
four	season/climate	variable	combinations.
The	 MAMJ	 period	 corresponds	 to	 the	 critical	 “Long”	 rainy	 season	 in	 Kenya	
and	the	less-critical	“Belg”	season	in	Ethiopia.	The	JJAS	period	corresponds	with	
Ethiopia’s	main	“Meher”	growing	season,	as	well	as	the	primary	growing	season	
across	 the	 Sahelian	 countries	 in	 western	 Africa.	 The	 Sahelian	 countries	 studied	
here	 stretch	 from	 Senegal	 in	 the	 west,	 across	 Mauritania,	 Mali,	 Burkina	 Faso,	
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The	temperature	analysis	used	in	this	study	is	a	new	component	of	FEWS	NET	
climate	 change	 research.	 The	 temperature	 data	 were	 based	 solely	 on	 the	 Global	
Historical	 Climate	 Network	 (GHCN)	 station	 archive,	 quality	 controlled	 via	 auto-







combination	 of	 these	 fields	 can	 enable	 us	 to	 identify	 emerging	 risk	 areas.	 While	
we	 have	 examined	 time	 series	 of	 seasonal	 rainfall	 totals	 (FCLIM-TS)	 in	 several	
previous	papers	 (see	Section	14.3.1),	 this	 study	 focuses	on	an	explicit	mapping	of	
























with	 the	creation	of	historical	 rainfall	 time	series	 for	Africa	 (Funk	et	al.,	2003b;	




in	 seasonal	 precipitation.	 Second,	 population	 growth/food	 balance	 analyses	 sug-
gested	that	Ethiopia	would	face	chronic	and	increasing	food	deficits.	This	study	was	









































data	 this	sparse,	satellite	observations	play	a	critical	role	 in	 the	accurate	mapping	of	
climate	and	climate	trend	gradients,	literally	helping	to	connect	the	dots.






























































Multisatellite	 rainfall	 estimates	 (RFE2)	 from	 NOAA	 CPC	 (Xie	 and	 Arkin,	
1997)	 were	 also	 used	 as	 potential	 guides	 to	 the	 FCLIM	 and	 FTA	 estimates.	 The	
RFE2	data	set	blends	data	from	two	passive	microwave	sensors	(the	Special	Sensor	
Microwave/Imager	and	the	Advance	Microwave	Sounding	Unit),	cold	cloud	duration	
rainfall	 estimates	based	on	Meteosat	TIR	data	 (Janowiak	et	 al.,	 2001),	 and	Global	





vation	 and	 slope	 fields	 were	 derived	 on	 a	 0.05°	 grid	 by	 aggregating	 HYDRO1K	
elevation	derivatives	(Verdin	and	Greenlee,	1996).	The	four	satellite	fields	(LST,	
IR10,	 IR90,	 and	RFE2)	were	 resampled	 to	 the	 same	grid.	This	 set	of	predictors	
allowed	 us	 to	 compare	 the	 performance	 of	 the	 traditional	 physiographic	 predic-
tors	 with	 the	 newly	 available	 long-term	 mean	 fields	 from	 satellites.	 Traditional	
climatologies	 only	 use	 physiographic	 data	 and	 station	 observations	 (New	 et	 al.,	
1999).	This	study’s	hypothesis	was	 that	 the	use	of	satellite	fields	would	enhance	
the	spatial	accuracy	of	our	estimates.	Although	physiographic	data	are	commonly	
used	 to	 guide	 interpolations	 of	 mean	 air	 temperature	 and	 precipitation,	 the	 link	
between	 these	variables	and	precipitation	 is	 indirect	and	variable	 in	space.	High	
elevations	and	steep	slopes	can,	on	average,	experience	more	precipitation,	but	this	



















In	 this	chapter,	we	describe	 the	FCLIM	approach	and	extend	its	application	 to	
include	 long-term	 mean	 air	 temperature	 fields	 and	 precipitation	 trend	 fields.	 The	




















of	 the	selection	of	predictors	are	 likely	 to	 indicate	overfitting.	Similar	 to	
typical	 regression	 applications,	 the	 FCLIM	 modeling	 process	 is	 iterative	
and	 “hands-on,”	 guided	 by	 the	 modeler’s	 expertise.	 As	 this	 chapter	 sug-




	 4.	Error analysis of trend surfaces.	The	kriging	procedure	provides	a	mea-
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we	truly	make	claims	about	trends	at	locations	without	stations?	This	work	
shows	that	satellite	data	can	substantially	reduce	spatial	prediction	errors.




changes	 in	circulation	and	atmospheric	chemistry)	and	 independent,	 cor-
roborating	data	sets?
	 6.	 Interpretation and analysis of the trend surfaces.	Given	the	mapped	trends,	
FEWS	NET	scientists	interpret	the	likely	food	security	impacts.	Such	anal-
ysis	depends,	in	part,	upon	the	climatological	means.	For	example,	semiarid	
crop	 growing	 areas	 are	 more	 sensitive	 to	 rainfall	 reductions	 than	 wetter	
regions,	 because	 a	 small	 reduction	 in	 rainfall	may	 substantially	 increase	
the	frequency	of	crop	failures.	Areas	with	steep	topography,	and	mean	tem-
peratures	 that	 change	 rapidly	 across	 space,	 may	 be	 less	 influenced	 by	 a	
1° temperature	increase	than	are	flat	extremely	warm	regions.	Underlying	













per	 decade.	 Simple	 averages	 of	 station	 data	 across	 the	 countries	 suggest	 that	 the	
Sudan–Niger–Mali	area	has	experienced	an	increase	of	more	than	1.0°C	from	1969	
to	2009,	while	the	Kenya–Ethiopia	area	has	experienced	an	increase	of	about	0.7°C	






The	 precipitation	 trends	 tended	 to	 vary	 within	 and	 between	 countries	
(Figure	14.2).	Dark	red	circles	denote	large	recent	decreases	in	rainfall	or	increases	
in	temperature.	There	is	fairly	high	level	of	congruence	between	the	two	seasons.	
































































































–20 –10 0 10 20 30 40 50–20 –10 0 10 20 30 40 50










































FIGURE 14.2  (See color insert.)	Station	observations	of	rainfall	change	(top)	and	temperature	change	(bottom)	between	the	1960–1989	average	and	
the	2000–2009	average	for	MAMJ	(left)	and	JJAS	(right).
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FIGURE  14.4  (See color insert.)	 Comparison	 of	 RFE2	 and	 elevation	 correlations	 with	













































14.1,	 and	 defining	 “*”	 as	 the	 element-by-element	 multiplication	 operator,	 a	 set	 of	







Figure	 14.4	 shows	 the	 local	 correlation	 values	 between	 RFE2	 and	 elevation	
(Figure	14.4b)	and	JJAS	average	1960–1989	mean	rainfall	 (Figure	14.4a).	Similar	


































	 FCLIM=y kest + 	 (14.3)












































2000 111 0.95 1.0°C Lon,	lat,	elev,	
LST,	P90
Temperature	trends 57 0.00 0.13°C
JJAS	1960–1989	
temperature
2000 113 0.92 1.2°C Lon,	lat,	elev,	
LST,	P90
Temperature	trends 56 0.07 0.13°C
MAMJ	1960–1989	
rainfall
1500 894 0.88 68	mm Lon,	lat,	elev,	
RFE2,	LST,	
P10,	P90





1500 960 0.93 72	mm Lon,	lat,	elev,	
RFE2,	LST,	
P10,	P90
Rainfall	trends 587 0.22 21	mm Lon,	lat,	elev,	
LST,	P10,	
P90
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centered	predictors	 ′( )xw 	and	a	vector	of	observed	values	 ′( )yw 	can	be	used	to	identify	
a	local	multivariate	regression	using
	 y b best o
T






	 FCLIM = + +b b ko
T x 	 (14.5)
Comparisons	of	kriging	and	IDW	suggest	similar	levels	of	accuracies.	In	this	work,	
IDW	 is	 used	 with	 automated	 cross-validation	 procedures	 to	 assess	 accuracy,	 and	







cross-validation,	 and	 both	 visual	 and	 statistical	 evaluation	 of	 the	 resulting	 output	
fields.	As	with	other	regression	techniques,	FCLIM	can	be	automated,	but	works	best	


































the	decadal	 trend	maps	by	5	and	adding	 the	result	 to	 the	1960–1979	mean	fields.	
These	maps	depict	2025	climate	surfaces,	assuming	recent	trends	persist.	Such	maps	
are	extremely	useful	for	analyzing	the	drought	implications	of	rainfall	 trends.	For	
example,	 many	 crops	 require	 a	 certain	 minimum	 seasonal	 rainfall	 total,	 and	 the	




















































































FIGURE 14.5  (See color insert.)	FCLIM	maps	 for	average	1960–1989	seasonal	 rainfall	
and	air	temperature	for	the	MAMJ	and	JJAS	seasons.
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These rains	support	the	important	Long	and	Belg	cropping	seasons	in	these	coun-
tries.	These	regions	also	show	up	as	cool	islands	in	two	mean	temperature	maps,	with	
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14.4.4  FeWs net trenD analysis results
Figure	14.7	shows	the	FTA	maps	for	MAMJ	and	JJAS	rainfall	and	air	temperatures.	















































FIGURE 14.6  (See color insert.)	Rainfall	and	temperature	sigma	fields.	Sigma	values	are	
the	estimated	trend	fields	divided	by	the	interpolation	standard	error.
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rainfall	 reduction	 of	 −100	mm.	 In	 areas	 receiving	 an	 average	 of	 400–600	mm	 of	
rainfall,	this	corresponds	to	a	17%–25%	reduction	in	main	growing	seasonal	rain-
fall.	The	station	density	in	Ethiopia	and	Kenya	is	high,	and	the	sigma	fields	for	these	










































FIGURE 14.7  (See color insert.)	The	1960–2009	rainfall	and	trend	maps	for	MAMJ	and	
JJAS.








Additional	 drying	 tendencies	 are	 observed	 over	 northern	 Somalia	 and	 parts	 of	
Uganda.	Enhanced	rainfall	is	observed	over	central	Niger.
The	MAMJ	and	JJAS	 temperature	 trends	 show	values	 ranging	 from	near	zero	
to	more	than	0.4°C	per	decade.	In	general,	the	warming	during	the	warmer	MAMJ	













Informing Climate Change Adaptation.	These	reports	discuss	the	food	security	and	cli-
mate	adaptation	implications	of	trend	analyses,	such	as	those	presented	in	Figure	14.4,	
with	 the	goal	of	better	guiding	development	and	disaster	mitigation	activities.	These	
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areas	 (not	shown).	 In	Figure	14.8,	 the	bottom	(light	brown)	polygon	depicts	areas	
































































they	support	 the	 targeted	 identification	of	at-risk	populations	and	a	spatially	aware	
approach	to	designing	adaptation	and	development	strategies.	Our	results	suggest	that	
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1 Month SPI index; June 2007
3 Month SPI index; April–June 2007
















3 Month SPI index; April–June 2007
1 Month SPI index; June 2007
SPI estimates: NCDC
Gauge precipitation data
FIGURE 13.8 SPI estimates using PERSIANN satellite data (left panels) and the NCDC 
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FIGURE 14.2 Station observations of rainfall change (top) and temperature change (bottom) 
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FIGURE 14.4 Comparison of RFE2 and elevation correlations with JJAS precipitation nor-
mals showing the local correlation between station observations of JJAS rainfall and RFE2 
means (a) and elevation (b). The median local correlation between the station means and 





















































FIGURE 14.5 FCLIM maps for average 1960–1989 seasonal rainfall and air temperature 













































FIGURE 14.6 Rainfall and temperature sigma fields. Sigma values are the estimated trend 









































FIGURE 14.7 The 1960–2009 rainfall and trend maps for MAMJ and JJAS.
